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Methods.
The model compound used to develop parameters for sulfamate linked to carbohydrates is shown in Figure S1 . All molecular mechanics (MM) empirical force field calculations were performed using the CHARMM program (Brooks et al. 2009 ) using the same potential energy function as used for the remainder of the CHARMM all-atom additive force fields as previously described (MacKerell et al. 1998) . Quantum mechanical (QM) calculations were performed using the Gaussian 03 program (Frisch et al. 2003) . Consistent with the parametrization protocol used previously (Guvench et al. 2011; Mallajosyula et al. 2012; Yu et al. 2012) , geometry optimizations and vibrational calculations were done at the MP2/6-31+G(d) level (Møller and Plesset 1934) and followed by MP2/cc-pVTZ single point energy calculation (MP2/cc-pVTZ//MP2/6-31+G(d)). A scale factor of 0.9434 was applied to QM vibrational frequencies to account for limitations in the level of theory (Scott and Radom 1996) Potential energy decomposition (PED) analysis was performed using the MOLVIB utility in CHARMM using the internal coordinate convention of Pulay et al (Pulay et al. 1979) . Such PED information was used to parametrize the force constants of bond, angle and dihedral parameters involving hydrogens targeting the reproduction of QM frequencies for each vibrational component. To obtain QM target data for charge optimization, water molecules in the TIP3P (Durell et al. 1994; Jorgensen et al. 1983 ) geometry were individually placed at positions where they act as hydrogen bond donors or acceptors with the model compound at its gas phase MP2/6-31+G(d) conformation ( Figure S2 ). The interaction distance was optimized at the HF/6-31G(d) level with all other degrees of freedom fixed for each interacting pair. The HF/6-31G(d) model compoundwater interaction energies were targeted for optimization of the partial atomic charges. The MM interaction distances were optimized to underestimate the QM results by 0.2 Å to yield parameters appropriate for the condensed phase simulations as previously discussed (MacKerell et al. 1998 ).
Relaxed potential energy scans (PES) about the C3-C2-N-S and C2-N-S-O dihedrals ( Figure  S1 ) were performed at the MP2/cc-pVTZ//MP2/6-31+G(d) level. The dihedral angle(s) being scanned was constrained during the scan while other degrees of freedom were fully optimized. Gas phase MM energy minimizations were performed using the conjugate gradient minimization method followed by the Newton-Raphson minimization algorithm to a gradient tolerance of 10 -5 kcal/(mol×Å) using an infinite nonbonded cutoff distance. MM PES were performed by reading the QM geometries of all the scan points into CHARMM and harmonic restrains with force constant of 10,000 kcal/(mol×radian) were placed on the target dihedral angle(s) followed by minimization of all other degrees of freedom. The two dihedral angles in the sulfamate group were subjected to a two-dimensional scan at 15° intervals through a full 360° range yielding a total of 576 optimization points. MM energies were fit to QM PES energies using an in-house least-squares fitting program (Vanommeslaeghe et al. 2015) . During the fitting, the force constants of all involved dihedral parameters were optimized simultaneously to minimize the root mean square error (RMSE) between the MM and QM relative energies.
To verify the developed parameters, crystal molecular dynamics (MD) was performed under periodic boundary conditions (Allen and Tildesley 1987) . The Particle Mesh Ewald method (Darden et al. 1993 ) with a real space cutoff of 12 Å was used to treat Coulomb interactions and a force-switching function (Steinbach and Brooks 1994) was applied to smooth Lennard-Jones (LJ) interactions over the range of 10-12 Å. The Leapfrog integrator (Hockney 1970 ) was used with a time step of 1 fs to integrate the equations of motion. The SHAKE algorithm (Ryckaert et al. 1977 ) was applied to constrain the length of covalent bonds involving hydrogen to their equilibrium values. The isothermal-isobaric ensemble (NPT) was generated with Nosé-Hoover thermostat (Hoover 1985) and Langevin piston barostat (Feller et al. 1995) . The initial structure was extracted from the Cambridge Structural Database (CSD) (Allen 2002 ) (Refcode: ZULPIF) (Ojala et al. 1995) and the periodic boundary conditions were set up in accordance with the experimental unit cell length and angle parameters. With harmonic restraints of 1 kcal/(mol×Å) on all atoms, each system was first minimized with 1,000 steepest descent steps followed by 500 adopted basis Newton-Raphson steps and then gradually heated to the relevant experimental temperature during a 100-ps MD simulation. This was followed by a 100-ps simulation in the isothermal-isochoric (NVT) ensemble with the same harmonic restraints and another 100-ps NVT simulation without any restraints. Then a 100-ps NPT simulation at the experimental temperature and pressure was performed to further equilibrate the system followed by a 5-ns production run. Unit cell length parameters were allowed to vary independently with unit cell angle parameters constrained to 90°.
Results. The atomic charges were optimized to reproduce QM water interaction energies and gas phase dipole moment. As shown in Figure S2 , five water interaction pairs were used to optimize charges for the sulfamate group atoms. The final MM interaction energies in Table S1 reproduce the QM energies quite well with an average deviation of only -0.16 kcal/mol. The MM interaction distances were generally in good agreement with the offset QM values, where -0.2 Å is used to reproduce condensed phase properties (MacKerell et al. 1998 ). As shown in Table S2 , the magnitude of MM gas phase dipole moment is overestimated by 16% with respect to the QM value as required for condensed phase simulations. The orientation of the MM dipole deviates from QM by only 0.1°. Table S3 lists the MM-minimized geometries compared to QM results. The average deviation from the QM value is within 0.05 Å, 3° and 18° for bonds, angles and dihedrals respectively indicating that the QM geometry was satisfactorily reproduced. The major disagreement was found for the N-S bond and related dihedrals with the MM parameters underestimating the bond length by ~0.11 Å and the dihedral by ~20°. This large deviation was due to the final parameters being optimized to reproduce crystal data (see below). The N-S bond length from the crystal structure of 2-deoxy-2-sulfoamino-α-D-glucopyranose retrieved from CSD (Refcode: ZULPIF) is 1.636 Å which deviates from the QM value by ~0.11 Å. Table S4 shows the MM vibrational frequencies and vibration mode assignments compared with the QM results. The entire QM vibrational spectrum was fairly well reproduced indicating the optimized force constant parameters for bonds and angles are of satisfactory quality. Figure S3 shows the two-dimensional dihedral potential energy scan for the MM and QM levels of theory. The overall potential energy surface about the two dihedrals in consideration is well reproduced. It can be seen that the C3-C2-N-S dihedral has very broad minima on the potential energy surface in a range of about -45° to -165°. This leads to the large deviation between QM and MM dihedral values at the minimized geometries as listed in Table S3 . The C2-N-S-O dihedral shows three similar patterns on the potential energy surface consistent with the fact that the three sulfamate oxygens are identical.
To verify the derived parameters for condensed phase simulation, a crystal MD simulation was conducted using the 2-deoxy-2-sulfoamino-α-D-glucopyranose crystal structure retrieved from S4 CSD. Table S5 shows the computed unit cell length parameters A, B and C as well as the volumes averaged over the 5-ns trajectory. The unit cell length parameters were well maintained during the simulation, with the deviations for A, B and C about 0.8%, 2.2% and -0.1%, respectively. The volume of the crystal unit cell was well reproduced with a deviation of only about 2.7%. MD results for the crystal intramolecular geometries are shown in Table S6 . The MD results were obtained as an average over the 5-ns simulation for each of the four independent molecules present in one unit cell for the current crystal. The final reported values are the average across the average values for the four molecules in the unit cell. Overall, the force field reproduces the crystal geometries to a very good level of accuracy. Notably, with the N-S bond, where a large deviation from QM was seen in Table S3 , the deviation from crystal data is very small as this was targeted during the parametrization. The developed force field thus accurately describes the crystal structure indicating its quality for condensed phase simulations.
The sulfamate parameters described herein have been incorporated into the February 2016 update of the CHARMM36 topology and parameter files and may be obtained at the following location: http://mackerell.umaryland.edu/charmm_ff.shtml. Averaged from the three geometry parameters for the three identical sulfamate oxygens. Only vibrational modes with 15% or more contributions are shown. However, if no vibrational mode for a frequency had a contribution higher than 15%, then the one with the highest contribution is shown. Notations for PED are the following: ta6RNG, tp6RNG and da6RNG are six-membered ring torsions and deformation; s stands for bond stretching; ss and sa stand for group symmetric and asymmetric stretching; r for rocking; i for twisting; w for wagging; c for scissoring; t for torsions. Averaged from the three geometry parameters for the three identical sulfamate oxygens.
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Figure S1
. Model compound used to develop parameters for sulfamate linked to carbohydrates. Figure S2 . Interactions of the model compound with water molecules used for atomic charge optimization. 
